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THE TWISTING OF THIN-VALLED, STIFFEHED CIRCULAR OYLINDERS*

By E. Schapltsz
SUMMARY AND DEDUCTIOKS

On the baslis of the present investligetlon of the
twlsting of thin-walled, stiffened circular cylinders,
tne following conclusions can be reachsd:

l, There 1s as yet no generally appllicadle formula
for the dbuckllng moment of the agkin. Vhile in the DVL
tosts tho values obtalned with Donncll!s formula for the
buckllng strength 1n twiet of unetiffened clrcular cylin-
ders aro in sufficlently close apgroement wlth the exporl-
montal resulte - tho effocts of tho stiffonors and of the
prebuckling canceled onc another anproximetely - thile
finding cannot be looked upon as dYeing of general valldity.

2e The mathematical treatment of the condition of
thae shell after buckling of the skin 1s basod upon the
tenslon~fleld theory, wherein the strain condition is
consldered homogeneous. The strain assoclated with the
formation of bucklos 1s replaced by & mean contractlon
of the skin in circumforontial direction (wrinkling (),

5.2

amounting, at the most, to L[y = - %ir in tho event thet
tho arc length botweon tho stringers (angle at tho contor
®,) has shrunk to the chord length. For the stross con-
dition 1t 1is assumed that the princilpal axos of stress
and straln are coincidont and consequontly in the same di-
rection., Assumptions aro also made about tho second prin-
clpal stross Oge Tho possumptions adbout the wrinkling

Ly and tho principal egtross 05 rosult 1lan two tyvea of

tengion fileld: namely, the completo tonsion fleld, whore-
in the wriankling §y has reached the highest posslble

*18ber die Drillung dlinnwandizer, verstelfter Krolszylin-
derschalen." ILilienthal-Zesellschaft fir Luftfahrt-
forschung Jahrbuch 1936, pp. 94-132.
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1 . <% d the principol st 1 1
value Ly. =-S5 &o e principal strees o, 1s nel-

ther locally variable nor affectod dy the load} and_tho

. -}
incomplete tonslon fiold whereln Ly < %g;, and Oy

variocs locally and 1s affected by the load. The treatmont
1s extended to & case of complete tension fleld (o, = -

To) and a case of incomplete tension fleld. For the lat-

ter, 1t wvas agsumed that the stress condltion midway be-
tween the stringers (with o, = = T,) changes steadlly

into the condition prevailing in the ekln stripes over the
stringers and results fron the combinod bendlng-conmpres-
slvo stress of the lattor. From observations durlng tosts,
i1t was found that with increesing load the lncomplete ton-
slon fiold "gtretchos¥ 1tsolf into & conploto tenslon
fiold, The functions, according to whick tho wrinkling
and tho constants of the stross condition change horebdy,
aro, for lack of sufflclont cxperinental data, assuneod

for tho preseont.

3. The twisting tosts in tho DVL on stiffoned cir-
cular cylinders, woro acconponloed by stross noasurononts
on tho skin, the stringors, and the bulkheads. In addi-
tion to that, the gtralns on tho sholl surface wore ro-
corded and the angles of twist of the shells measured.,
The comparison of the theoretlcal wlth the experimental
results dlsclosed that, on assumlirg a conplete tension
field, the angles of twist were computed rmuch too great,
and tho stresses in the stringers and dbulkheads too hizh,
while on afeumlng an inconplete tension fileld the theo-
retleal results could be largely reconciled with the ox-
perimental results by suitable cholce of tho proper con-
stants for tho "stretching" of tho tension filold.

4, Applying the calculating method to the range of
twlstlng moment at fallure, the latter can be predicted
sufficiently exact froa buckling-bendlng tests on panels.
For thin -gkln and strong stiffeners the calculation for
conplete tenslon fleld affords sufflclently accurate re-—
sults; dbut 1f tho eklin 1s thick and tho stiffeners weak,
this calculatlon results in an underestimate of the ulti-
mate twlstlng strength, hence an accurate calculatlon pos-
tulates an lncomplete tension fileld.

5, Addltional theoretical investigations are neces-
sary rogarding the buckllng strongth of the skin of stiff-
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ened clrcular cylinders in twlst, as woll as on the buck-
ling pattern originating aftor buckling end tho related
stress conditlion, 1n order to check the assumptlions of the
prosent calculatlions theoretically,.

6e Further exporinonts are necded to explain the
process of stretching of the sheet panels from the flrst
formatlion of the buckles to the conpletely formed tenslon
fleld. Investigations are furthor nocedod on the buckling-
bonding etrongth of stiffoned socctions undor varlous load
conditions for computing the ultimate torquo Pr/Q of

stiffenod clrcular cylindoers.
I, ISTRODUCTION

Suppoge a circular cylinder with thin skin reinforcod
by stringers and bulkheads as in flgure 1, 1s stressed in
twist. In the followlng the stress distridution in the
shell and the straln from the moment of applled load to
final fallure 1g invegtigsoted.

The present problem 1e significant for alrplane stat-
lecs srince the circular cylindor serves as schematlec sub-
gtitute for the variously designed sholl bodles. Tho lat-
ter are, 1ln several cages, stressed slmultaneously in
bending with transverse force and twiet. A study of the
behavior of shells under comblned loand postulates the
knowledge of the shell strength and stiffness under simple
stresses. Twlst 1s the simplest case of shearing stress;
the stress from normal forces and that from bending mo-
ments have been studiod previously. It may even become
posslble to estimate the strength of shells under comblned
load from simple formulag 1f the strength under simple
loads 1s known. To thls end a throough investigatlion of
the hitherto little-treated problem of twist (reforonce 1)
ls woll Justifled.

The study 1e restrictod to sholls of very small skin
thicknoss 8 in rolatlon to the cylinder radius rg

(ssr < 1:400); 4t 18 furthor cssumed that at least six
stringers at oqual spacing b- are arranged over the cilr-
cunforence and that the bulkheads thonsolves are of oqual
spaclng %. Tho lattor are attached to the stringors Ddut
not to tho skin., The stringer section 1s symmotrical;

tho frano stiffness of tho syctem formed by tho stiffonors
1e disrogardod,
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Section II 1a concerned with checking the avallable
posgldillitles for computing the buckling stress of the
skin of a stiffened circular cylinder under twlast. Sec-
tlon III treats the behavior of the shell after dbuckling
of the skln, theoretically, on the basls of an inproved
tenslon-fleld theory, and experimentally, as reflected in
twlsting tests made by the DVL on stiffened circular cyl-
inders. Sectlion IV explores the possibdllity of predict-
ing the ultlimate twisting noment from the results of buck-
ling-bondlng tests on shell pancls.

II. BUCKLING OF SKIN

The sheet panels between the stringers may be consid-
ored as long strips (width b) with, origzirally, cylin-
drically curved medlan surface which under twist are
stressed 1n shear. There exlsts up to now no theoretical-
ly founded formula for the buckling stress of such curved
strips.

For the buckling stress of unstiffened circular cyl-
inders (1ength 1) in shear, Donnell has developed a for-
nula which, applled to large ratlos rgis, reads as fol-
lows:

s8/4 1/8
E <s (TH
(1 - u2) H

where E i1s the modulus of elasticlty, and p 1is Pole-
pon's ratio., For p = 0,3, 1t is:

574

1/3
To = 0.815 E (-Tiﬁ) | (’TH-\ | (1)

4

Considering the sheet sections between the stringers
ag flexlble, built-in, shear-stressed plates, their buck-

n a
ling strength To' =65 I 5 %) wlll be of the order
-

of magnitude of the duckling stress T, computed accord-
ing to equation (1), and even higher for very 'close string-

er snacling b. It is therefore anticipated that on stiff-
ened shells the buckling stresses 1T,, computed according
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to equation (1), will be too low. On the other hand, Don-
nell has lndicatod that the experimental values are always
lowor than- the theoretical figures beceuse of the pre-
bucklling effect. :

For the shear stress in buckling of curved plate beams,
H, Wagner applies the formula:

B = z (2) (1a)

wherein kp = 0.12 and for bullt-in edges the value kg =
~ 9.1; for superposed edges the wvalue Lky = 5.3 wmust be

written In. The coefflclents themselves are referred to
an average span—-chord ratio, not to a long strip.

Twlsting tests made by the DVL on stiffened clrcular
eylinders (msee also undor III, 2) supplied the data ap-
rended in table I. According to it, Doannell'!s fornula
yields somewhat lower values, although the agreement 1n
view of the uncertainty surrounding the experimental solu-
tlon of the duckling stress should be looked upon as being
satliafactory. On the wresent test specimens (cylinders
II, III, and IV) the preobuckling effect approximately neu-
tralizes the stiffener effect. Fronm this observation, no
concluslons may be drawn as to shells of other dinmenslions =
nore partlicularly, as cylindors III and IV were already
prestressed and nanifested probuckling. Wagner'!s formula
(la) had proved itself in tests with curved panels built
iIn between rigid-edge members. In tho present tests, it
not only glves too high wvalues but also falls to includo
qualitatively the difference in the buckling strength of
the skln of cylindors III and IV, The explanation of this
disagrocement involves, other than the prebuckling effect,
that of the restraint, Bosides, the lengths of the sar-
lier investigated sheet soctions wero much shorter com-
pbared to the gkin sectlions on the explored shells.

The problem of buckling stroess of the skln of stlff-
ened circular oylinders in twiet therofore romains largely
unexplalned, A thorough mathematical gtudy is under way
in the DVL. '
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TABLE I
Buckling Stresses and Moments of the Skin -
Theoretical and Experimentel
1 2 3 4 5 | 6 7 | 8 | 9 | 10
Test flgures Theoretical values*
1
Cyl- |Skin |Radius| Angle Donnell's farmulalRagnsrfs formula**
inder|thick-| of of |Buck- |Buck- { BPuck- |Brak- | Buck- | tuck-
No. |ness |shell | center|lirg |ling ling ling ling ling
jmoxent| stress| moment |otress moment | stress
m rg om q>1=b]ﬁ'Hi kg cr |kg/cm?| kg cm lr:g/cma kg cm kg/cma
._!_- —
II | 0.4 400 0.320 31200 | 77.6 18600 46.3 59100 144
|
III .39 | 400 «280 i22200 56.9 18850 48,3 68200 175
IV .54 | 400 -490 {53400 | 99.0 35800 66.4 71100 132

*With E = 740000 kg/cm® and p =
**For bullt-in edges with kp = 9.1.

Olsl

In the following theoretlcal arguments ond experimen-
tal(egalu&tions, the bucklling stress 1s computed by formu-
la (1).

III. STRESS AXD STRAIN AFTER BUCKLING OF THE SKIN

1, Theoretical Consideratlions

a) Fundamental assunptions for the tension fileld,~ Up
to buckling of the skin (T < To) the strese distribution
1s completely uniform, The principal axes of the stress
slope at 45° toward the gencrating line and the principal
stresses have the magnitudes 0; =+ T and Og = - T,

The stringers aro twisted through the same angle as the
shell, whereas the bulkheads remaln untouched.

Buckling of the skin 1gs accompanlied by & stress re-
arrangenent, The ensulng skin wrinkles lndicated on sev-
eral exhlbits of figures 2 to 4, transmlit, essentlally,
tenslle stresses 1in longlitudinal direction, dbut only mlnor
stresgses 1n transverse sirection. Throuzh the deflectlon
of the wrlnkles the gtiffenor system 1s loaded radlally
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Inward. Moreover, the stringers must support the sholl
longltudinally - that is, becone stressed in compression,

" TAgeording "t6 figubes 2 to 4, the wrinkling cen be confined
-to the free shoet panels betwoen the stringers; the strips

of skin rivetod to the stringers do not dbuckle. Tho proc-
esges on fallure are described in section IV.

In the absence of any method for solving the buck-
ling stage of curved sheet panels in shear by means of
the elagtlclty theory, sultable sudbstitutes must be re-
sorted to. In the following, the "tenslon fleld" donotes
a flctitious condlition,based on observations, that replaces
the true.stress and strain condition, and affords a com-
prehenslve solution. The assumptions involved refer to
the stralin condltions and to the gtress dlstributlon.

Tho strain condition 1s considored homogencous, and
the nonunliform strain associlated with the duckling 1s ro-
rlaced by & mean circumforential contraction of the skiln,
This shortenling of the circumference through tho wrink-
ling (indicatod heroafter as wrinkling Qy is detormined

in the followlng manner: The traces of the medlan sur-
face of the buckled skin with the longltudlinal section
planos placed through the axis of tho ehell, have wave:
forn (fig. 5) and permit, for sufficlently great sholl
longth, the procise dotermination of one mean sgkin radlus
each in each intersecting plane. Tho baso line of the
cylinder surface formed with these mean radil ("substi-
tuto surface'") runs betwesn the stringers - usually between
the original arc and the chord - and is, by sulteble shell
length, symmetrical to the "panel center" (fig. 5). If
b,?' 18 1ts arc length botween stringsrs, and by the

orlginal arc length, the wrinkling {y 1s defined by

b, - D
§y = —A—i———i. If !y shortens the arc length to chord
1

length, 1t 1s (with o, = b /rg)

P
Lt = ZrH gin 1§ - Trg P,
v TR Pa

The series development of @,/2, interrupted after
the term of the third degree, leaves the form LY:"%’Z"

*Pho wrinkllng was orlginally 1ntro&uced by H. Wagner in
the calculation of the angle of the principal axes.
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For the stress panel it is assumed that the principal
axes of stress and straln are colncident 1n the regilon
between the stringers and, accordingly, in the same direcg-
tion everywhere. The assumptlons made about the second
principal stress O35 will be analyged in section III, lec.

The skin strips above the stringers are adjudged as parts

of the stringers in the wldth where they touch the string-
ers. If the sectlions are closed, the strlp between rivet

rows 1s counted as part of the stringers.

b) Gegeral_gi;ggg;ggd gstrain formulas.~ Flgure 6 pre-

sents a section bounded by two stringers and two dulkheads
and the chosen coordlnate system, From the theory of plane
strain, the angle a« of the principal strain direction to
the positive x-axis (€ 1s the maximum positive strain)
follows as:

€ - €
€ - €y _ ’

Allowance for the assumedly homogeneous straln pansel
1s made Dy the lntroductlion of mean values for the locally
variable stresses and gtrainsg in the range O < x <t and

—g}< y <+ %%- Denoting the average value of the principal

tenslle stress o, witk 0,, that of the compressive
stross oy 4in the stringers with G, while disregarding
the transverse extenslon due fo o0,, we have:

€ = -6-1/1'
and besldes,

€ Ty /B
The strailn €5 is composed of: the bulkhead compres-

sion €y, = Gy/E (0'y compressive stress in bulkhead),

the wrinkling Ly, and the related shortening of the shell
circumference ey » caused by the deflectlons f of the

8
stringers and the local indentations Arg at thelr polnts
of support at the bulkheads. Hence, we have:

X

=——L—
€ya T (£ + ArH)

and
1

- % - — (F
€y = 3 + Ly = (£ + ArE)
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Eerein ? 1s the average value of the daflectlions £ be-
tweon two bulkheads. JFormula (2a) can be rowritten ag:

G, - T
1 8 (2b)

tan® o =

The shearing strain ny follows from the stralin tho-
ory &as: )

Yzy =2 cot a (€ -~ ¢g) = 2 ton o (€.- cy)

and, after insortion of equation (2a2), as:

=2 fle =) (e~ c) | (3)

Y
xy

The angle of twlet of tho total clircular cyllandor
(Length 1) 1sa:

Vs Yoy = BVl <) (6 - ) (4)

To compute these strains the stross conditlon Iln tho
bucklod skin must first be analyged. The shoaring stress
in the section of tho cilrcular cylinder to be taken Dby theo
skin 1s under torquo T:

1'=——T——— (5)
o1r rHB 8

With op as normal stress in the section perpendicu-
lar to the generating line, and. o, &as the ring stress,

the equilibriun equations for the skin slement (fig., 7),
read? :

0, = 0n + T tan o
0, = 0p + T cot «

.?rom the'generul formulas of the stress condltion,
follows:®

g, + 0 = Op + Oy
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so thet, flnelly:

o T + 0g)

' eln a cos @ 2

Op = T tan o + og (8)
Op = T cot o + Gaj

The angle o 1a assumed to be known, and the four
stresses 0,, Ogy Oy, 8nd o, as unknown. There belng only

three equatlions avallable, one of the stresses - say, the
second principal stress o, - requires an assumption.

c) Speclel apganptiong for differont tyveg of "ton-
8ion field."- In the followlng, the assunptions from III,la

for the tenslon fleld are supplemented dy assumptions for
the wrinkling Qy and the second principal stress o, -

and the terms '"complete! and "inconplete“ tenslon fleld
are introduced.

By "complete!" tenslon fileld is meant a stress and
stress condltion wherein o, 1s constant locally and un-

der load, and ln which the wrinkling §y corresponds to
the shortenling of the arc length hetween stiffenors to
that of the chord - that is, {y = - o,¥24. 4 special
case of complete tenslion flold 1s given by H. Wagrer in
his unidirectional tension field with o0, =0 and [, =

- cp13/24.

A tension fleld is incomplete if the principal stress
Oz 1s a functlon of the coordinates x and y and of

the ghearing stress T, and vhere the wrinkling {y has
not as yet reached tio value = 9,724,

Expoeriments on plate boams wlth flat wed plates as
woll aos the tests described under IIXI, 2, have shown that
with lncreaslng load the conditlon of the incompleto ten-
slon fleld changes into that of the complete ternslon field.
This process 1ls called "gtroetching" of the tensilon fleld.

In the case of the completo tension fileld treated in
the noxt section, o0 1s oquated to - T,, &ond hence 1%

is asgumed that the second principal astress provolling
when the gkln buckles, proserves its magnitude even under
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further strain. Then a case of incomplete tenslion fileld,
suggested by the experiments, 1s discussed on the assump-
tion that the-prinecipal stress o, reaches o5 = = T,

but only in the center of the pdnel between two stringers
(y = 0, fig. 6), while at all other points o0y romains

dependent on the coordlnates and the load on the bdasls of
the following argument: The normal stress o, 1is (see

equation 6) at y = 0 for o0y = - T, & tenslle stress
(Opm)s unaffected by the abscissa =x, at ¥y = b/2 (see
fig. 8), on the other hand (stress op1)s 21t 18 governed

by the combined bending-compression stress of the string-
ers. So, whlle for tho conmplete tenslon fileld at ¥y =
by/2, & Junp in stroes (from On, to Op1) 18 assunmed,

for the incomplete flold the change is to be uniform. For
y =0, 1% ip¢:

For the transition, 1t shall %o:

Op = Opp =~ (Opp = Opy) sin/? <"y) (8)

with exponent 1/w related to the load.

Figuré 8 indicates that the curve op(y) hugs the
stralght line o0p = Opy 60 much closer as w decreases.
For w = 0 wilthin the range of 0 < ¥y < by/2:0p = opp end
consequently, the condltion of complete tenslon fleld
reached. Thoe "ptretching" of the tension fleld taklng

vplace with increasing load is therefore bound to a de-
croase of w toward zero. For w = 0,6, on(y) 21s a sim-

ple slne curve. The variation of og follows from equa-
tions (6), (7), ond (8) as:

0'3 = o-n - T cot G =t = To (T cot a - To - o'nL) Bin:'/w(%
Since op7 deponds on T and x and, in addition,'
w on T, 0y 1iteself is depondont on x, y, and 1. For

conputing the astress OnIs tGthe stress in the stiffeners
-must be analyzed. )

‘d) The calgulation of gtregg end gtrain.~ The stress
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in the stiffener system after buckling of the skin, con-
slsts of a radial compression due to the ring stresses,
and an axial compression due to the normal stresses. The
longitudinal and croes sections through the shell of fig-
uroc 9 1lllustrate thls very plainly. .

The cut through the panol center between the string-
ers (fig. 9) must, on account of the radiol symmetry, be
freo from shaaring stresses perpendicular to the sheet
surface, even for flexurally resistant shoet. In the two
cages (explained under c)) of complete and incomplete ten-
slon field, the ring stress 1ln thls sectlion is:

Grm =T tan a = T, (10)

From the equilibrium of the half shell (a) in figure
9, the bulkhead stross follows as:

O'yFy+ O'rms'b=0

hence,
Oy = -.§—1 (T tan o = T,) (11)
vy . .
with F indicating the sectlonal area of the bulkheads.

¥y

In conseguence of the radial symmetry of the "substi-
tute surface," the "stretching" (Strekkenlast) load, which
stresses the stringers radially as a result of the ring
stress, folloys ag:

: P
P =2 Opy ® sin 3 . (128)
' .9
If the angle ¢ 18 esmall enough, so that ain - ~ =,
. 2 2
then :
P=ocp 89 =289 (T tan a ~ 75) (121p)

For incomplete tension field and curved substitute
gurface, & flexural sgheet stiffness 1s presuned.

In the general case, the stringers are treated as
bars supported at many.points by the bulkheads; the bending
moments are computed with Clapeyron's equatlon, With equi-
distant bulkhead spacing %, they are stressed like beams
bullt in at both ends, and the bending moment 1s found as:
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pt* M1 ¢ :9] 1 [i x x“]
b —— e . = = - a . —- . ) 13
b= 5 |5~ 3 | ;3 5 éqf (t tan a~T,) s =%t TR (13)

The average value of thisg moment between two bulkheads
is gzero since c! ¥, dx dlsappears as &' result of the re-

straint tangonts parallel at both ends., The deflectlon of
the gtringers is:

t% x® 2x3 x4
yI|=—P;_ -—E-—.—:_"—-I-—‘-) (143)
I J; 24 £t
The average 1lg!
4 4
=2F . 29t (0oiana-1,) (141b)

720 E Jy, 720 T Jy,

Horeby O 18 the momont of inertis of the etringer
soction, 1nclu£1ng thoe strln» of tho sklin assumod as bolng
offoctlve, Wy dindicates the soctlion modulus with respoct
to the noutral axis located at the skin sido. Tho combinod
normal stross in tho skin ovcr tho stiffonor is:

A
Opp = Op + iﬁ (15)

whero O, 18 tho mean comprossivo stross in the stringors.

The averago 0O, betwoon two bulkhoads is OTyy = Ty, bo=
cause the nmean wvalue of Mb disappears.

¥o normal force being appliod on the shell, the conw
presslve stress Oy 1in tho stringers 1s, with allowance

for tho radlal aymmobtry:
b, /2

o .
(F;, = sectlon of stringer) and consequontly:
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b,/2
2s
t
(o)

Conslder first the case of incomploto tension fleld and
equation (8) writton into equation (16). Thon

n/2
Op =~ 8 [cnm -12;- (opm = on1) f sinl/W x 8 X] (17)
o]

bys v
whoere 8 = —iz and X = b1

|
[

/2
3
The integral J(w) = S /[ ginl/W xdX for whole num-

(o]

bored values of % = m divisible by 2 1s odbtained from:”

/2
2 m 2 m!
< gin® X d X = — —<3 (18a)
LI on Et\
0 */
If m 1s not divisidle by 2, then the formula
. /2, a
om G&;:JL:)
g gin® X & X = 2 (18b)
LLI m n! '
o

should be used.

Sinco w 1is generally fairly small (< 0.5), that is,
m groat, the calculation may bo limifod to the whole num-
bered values of m and tho rost intcrpolated. Flgure 10
illustratos & curve of the intogral J(w) for the range of
w=0 to w= 0,5. Transgforming equation (17) by insert—
ing ocquation (15), the solution with rospoct to oy ocan

be offoctod and yields (with oy (x) = My/Wg):

*For example, Jahnke-Emde, Funktiomentafeln, 2d edition,
p. 95,
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-3 '
Op 2 ———o | @ 1 = J(w)) + ou(x) J w)]
¥ith the abbreviation R = 1 = J{w) thls becomes:
14+ 86 J(w)*
r
Oy = = 8 B |Opy + Op(x) .1__"'-5%’-%;5] (19)

With incomplete tension fleld, the compressive stress
Ox therefore depends on abscissa x in the samo menner

e&s the bending moment. Since the mean value of oy(x) be=-

twoen two bulkheads dlsappears, the average value of Oy
im:

For complete tension field w = 0, and hence, J(w) =
O; herewlth, R = 1 and the compresslve stress o.' ~ be-

comes lndependent of =x:
o’x' =-80’nm=— 8 (T Gota-"'ro) (203')
Since R <« 1 with incomplete tenslon field, the
stringeres are not stroscsocd as high as with tho complote

ficld.,

With completo tension fileld, the principal stress o,
1s evarywhere (cf. derivation for equation 6):

Oym = Opp + T tan a (21)

This stress prevails in the conter of the panel (y = 0)
if.the tension fleld 1s incomplete. Outsido of the center
(y >0), 1t 1a:

Oy = O + T tan a = Opp ~ (Opp = Opy) ginllw GE%)-& T tan o

The average value of o, ;1n the entire panel 1a:

b by /2 . _ .
_2_ T.) J(w)
T, = .t 0, dx dy = Opp + T tan o -~ (Opp=04 (w
o o
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After inserting equation (2Q), we find:
T, =T tan o + opy [1 -~ J(w) (1 + 8 R)]

and, since
1 -J(w) (L+8R)=2R
according to the definition of R, we havet
T, =R (Tcot @ = T5) + T tan « (22)

The necessary terms G,, Oy, O F for computing
principal axes angle o follow from eguations (22), (20),
(11), and (14). The equation (2a) for ton® o 1s expanded
with E/T, or E/T (for unldirectional tension field)

and glvos with the abbreviations ¢ = %L, Y =8 %L, and

o
8 @ g ' !
K = ;Ea—;g—sz for lncomplete and for complete temnsion

fleld with Og = = T4t

wheroby

Z

R(1L+8) (9 cot o =~1) + 9 tan a (23a)

and
N =R (8 cot a-1)+ % tan a+ (Y + K) (8 tan a ~ 1)
To To

For complete tenslon field with 03 = - T,, we sub-
stitute R =1 and !, = - 9,%/24. The ongle of twist V¥
follows from equation (4) aa:

T —_
w=§l_.ern (24)
EE

For the special case of unidirectional tension fleld
(o0g = 0), 1t gives:
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tan® o = . (1 + 8) cot a + tan a _ (23b)
_cot o T_tan o (L+ Y+ k) + % G%i; * é;g
and the angle of twist: |
'} =.2 %; % X |
/[(1+8) cot at+tan a.][cot’ wttan o(l+Y+ K+ ]7:? %l-;- + é;_ﬂ ]
(248)

The total stress and strain formulas have been collect-
ed into table II.

Asguming at first the quantities R, Argmg, and Qy for
the different loading condltions represented by 34 = 'r/'r°

asg belng known, the method of computing the stress and
strain in a clrcular cylinder in twist 1s as follows:

Compute tho shoar etress 1n dbuekllng T, of the skin

with equation (1) or some other improved formula, The
factors Y, kK, and 8 are known construction quantities.
Egtimato firet, anglo «, and check whether equatlion

(23a) or (23b) 1s complied with. If such is not the case,
try an angle a greater or smaller as the right-hand side
of the equation became too great or too small, The method
convergos qulto rapidly. Together with tho function a(d),
compute the angle of twist according to eguation (24) or
(24a), EHaving ascoriained these functions, the stresses
and strains then follow ' from the formulas of table II.

e) Proyisiona]l asgumptions on the "stretching" of the
tonglon fleld.- The calculation derived .1n the ,preceding

section 1s feasible only when {_.(8) and -R(%) or w(4d)

are known. Both funetions should largely be dependent up-
on the two parameters s/rg and ®, = W /»; oaly, since

mechanical simiiitudé ie to be assumed. -Theip'exact solu-
tion domands exhaustive exporiments. '

The functions Qy(b), and "#(6) can ﬁe:ascertained.
for example, by exact bulkhead stress Oy neasurement on
2 gtiffened sholl and determination of the angle g from
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the test data with the aid of equation (11). If this is
supplemented by & record of the mean compressive stressg

Oy 1n the stringera at point % = % + i:; (Y44 = 0), then

B(d) can be determined from equation (20) The angle of
twist V 4 must be obtalned from experimental data; from
equations (24) end (23a), we have (for Argp = 0):

bty = %f [R (3 cot a-1) + & tan a + (Y+k) (@ tan a~1)] -

. a8 8
. Ve rp® E . (25)
412 1% [R (1+8) (8 cot a~l) + ¢ tan a]

Equatlion (23a) for tan® o« may serve as check,

For evaluating the experiments described in section
III, 2, gome provlislonal assumptions for the functions
Qy(d) and R(d) were introduced. For l,, we assumed:

P,? 3 -1

(26)
o4 3, - 1

Cy = -

the incomplete changing to completo tension fileld, if & =
Tfo has reached the value ¢, introduced as fiee value.

For the variation cf the reduction factor R, a lin-
ear relationghip was assumed in the experimental range,
whereby a value R, extrapolated with respect to ¢ =1
enters as second free value. The assumed relation reads:

= By + (1—30)-50-1 "(27)

g = 1

The proper selectlon of R, and 9y and the extent

of approval of the assumed relations in comparison with the
measurements will be discussed in the next section.

£) Comparison with earlier calculation methodg.-= The
calculation methods deduced earlier by Ebner and Heck (ref-
erence 1), and Wagner and Ballersgtedt (reference 2), for
the stiffened circular cylinder and the plate girder with
curved webd plate, rospectively, are predicated on the as-
sumption of complete, unidirectional tenelon field, sudden
appearance Qy with buckling, and subsequent independence

(ty = - 93/24) from further load. Participation of skin
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strip above the stringers is omitted. The skin bduckling
strength is allowed for by substituting the excess T -~ 71,

for the shearing stress T in all equations.* The pure
shearing condition at the instant of bduckling 1s visual-
1xed as being superposed on the unidirectional stross con-
dltlion of the tension fileld.  Since the two condltions do
not have the same principal axos, the direction of the
Principal strain is coincldent with that of the principal .
stress of the tension fiold but not with that of the prin-
cipal stross resulting from the superposition. The formu-
las for the Ebner-Hoeck mothod are shown in table II; the
calculation (see soction III, 2) was checked on the expori-
mental data, :

2. Tﬁiating Tests with Stiffened Circular Cylinders

. a) Procedure and interpretation of testg.-~ The circu~ .
lar cylinders used by the DVL for these twiat tests are

shown in figure 11, The principal dimenslions are given in
tadble III. Oylinders III and IV had been subjected to pre=-
stresses as & result of other kinds of toste prior to the
stress measuromnts and the ultimate twist tests.

The loading arrangement for applying pure torque 1is
shown in flgure 12. The length changes were rocorded on
Huggenborgor and Okhulzon-Staeger type strain gages attachod
to the test specimens dy spiral springs. The determina-
tion of the stresses from the longth changes procecded on
the basis of modulus of elasticity of B = 740,000 kg/cms,

Since the vlolent vibrations accompanying the forma-
tion of buckling precluded an accurate tensiometer reading
during the buckling process, the -strain changes had to be
meagured at a pre—«load located conslderadly above the ducke
ling load, The stages of the torque within. which the stress
changes woere recorded, ranged at: .

133,500 kg/em and 178,100 kg/cm on oylinder No, II
71,300 kg/cm and 133,500 kg/om on cylinders Nos. III and IV

Betwoon thowse ioaﬁ stages the changes of the followlng
stresses wore recordod:s

*Wagner and Ballorstedt remove the principal stress o,

resulting in uncertalnty in viecinlty of buckling asg pointed
out by the authors,
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1. The ‘principal tensile stress ("tension dlagonal
stress") 0,.. -
2. The compressive stress Oy in the stringers.
3, Compressive stress o, in the bulkheads.

v
4, Bendlng stress Oy in the sgtringers.

TABLE III
Dimensions of Test Specimens
Sections Propor- Length
Cyl- |Skin ) tion of Number |Bulk- 1
inder| thick- stringers of head | between
No. |ness Stringer Skin \Total to total |stringers|spac- | clamp— |Remarke
gection ing ing
rings
mm cm® cm® | em® |percent cm mm
18X0, 432
I1 |0.4 =0,77 [10.50} 18.37| 43.6 18 36 | 23200
I11 «39 8.72 (10.04| 18.767 46.5 18 - | 36 1840
_ 2200 Stress-
straln
Iy 54 6.85 |13.95|22.20] 31.0° 12 36 1840 Breaking
| test

Filgure 13 indlcates the test statlons. The tension-

- dlagonal stresses were measured at a median line of the

panel between two stringers; that 1g, et the lowest and
highest polinte and at the turning points of the wrinkles,
while the tenslometsrs were mountod with the gage length in
the dlrection of the wrinkles. The stresses were moasureod
at the stringer sections and on the gkin strlps over them,
and - with a view to checking the relationships og(x)-

and Op(x) - at five points each in three panels between
the bulkheads,

The angles of twlist of tho shells were measured across
the entire strain range up to fallure. The elastlc lines’
of the stringers and the form of wrinkles were recorded 1n
the range of the load stages clted above. The angles of



N.A.C.A., Technical Homorandum No. 878. 21

twlst were recorded with plumb lines attached to the clamp-
ing ring and to the leading ring. The strains on the oyl
inder surface were-recorded-on-a mechanical bdridge (fig.
14) constructed by Engineer Freitag. It carries 18 dial
gages capable of reglstering radial displacements of the
surface polnts along a generating line of the shell. This
made 1t posaslible to record on a stringer the elastic lines
under different loads as well as to determine the shifting
of the suppord polints on the bulkheads. For recordlng the
form of the wrinkles, the bridge was started at zero load
and at the load stages mentioned above on two sheet panele
along every three equidistant gonorating lines. The sur-
face measurenmonts wore confincd to cylinders III and IV,

The bending moment U, and the mean compressive
stress oy 1in the stringers should be computed from the
stresses o7 and oOy;g (fig. 13), according to the fol=

lowing formulas:

o. - 0:) J )

L2 e—m——

errzl + [o1

O. le + Y
oy = 21| 4 * 07 lerqq] (29)
lerrrl + [eg]

Entering the compressive stresses as posltlive, the
bendling noments effecting tensile stresses on the skin
slde of the sectilons will be positive. The distances
ey and eyyy belonging to test statlions I and III from
the section céntroid are written in witkh theilr amounts.

On account of J;, ey, &nd  eyry, the position of the
pointes computed, according to equations (28) and (29), de-
Pends upon the assumption of efféctive skin strip. These
"experimental velues® of Uy and 0, can thereforé be
conpared only with such -theoretical values ag are computed
on the basis of the .dane assunption,

For the compariaén of the %hooiy ond the ofperimonts.
it vos ospuned that tho local indontations Arg undergone
by tho bulkheads at tho points of support of tho stringers,
aro proportional to the transvorso load p throughout tho
rongo fronm inciplont buckling (T = To) to tho ond of tho
proviously cited test range. The factor of rise 1lg od-
talned fronm comparing the recorded indentations at start
and end of the range and the related transverse loads.
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For the range from end of test range to fallure, the fac=-
tor of rige was flgured at half ag great as in the test
range for the purpose of allowlng for the fact that, due

to the effect of the webs, the bulkheads become lncreasing-
ly harder -against growling local indentatlons. The inden-
tations may be seen ln flgures 24 and 25.

'The coylinders Nos, III and IV were computed on the
basls of the complete and of the lncomplete tenslon fleld,
according to the method described in sectlion III, 1, whille
the method of Ebner-Heck was checked also. For the incom-
plete tenslon field the free velues R, and 3, were so
chogen that the dlscrepancles.of the theoretical from the
experimental figures at the angles of twist and faillng
strengths (explained in sectlion IV) became minimunm., The
figures are appended in tadle IV. T

D) Shell gtregges.~ All stress changes treated in the
followlng, relate to the stages of torque clted under III,
la. The changes in the principal tensllo stress oy O0b-

talned for the panel center between stringers, are plotted
agalngt x 1n flgure 15; the section of the wrlnkles is
indicated below 1t. The test values on cylinder III (thin
skin, many wrinkles) are substantlally the same at the
various points of the wrinkles, whereas at fhe highest and
loweat polnts of the wrlinkles on cylinder Ho, IV, they are
maxlimum and disclose mininmum values at the turning points,
On ecylinder Ho. III, the teast wvalues are consideradly scat-
tered around a mean value approximately constant over the
length, The theoretical wvalues, constant over x, accord-
ing to all methods, lle on the average in the center of

the scattered experlmental values, thus confirming the as-
pect of a complete tension fileld in the conter of the panel,

The bending moments My (fig. 16), computed from the
test data with the aid of equation (28), follow over x,
accordlng to'a kind of bending moment line for unlformly
distributed load and two~end restraint. The curves for
both tho complete and incomplete tension fleld are colncl-
dent and yleld excesslve valuesg for cylinder III. For cyle
inder 1V, the agreement 1s better although a few experi-
mental values diverge in the vicinlty of x = ¢,

Ags regards the compressive stresses 0 1in the
stringere (fig. 17), 'the test values in the center between
bulkheads are -lowor than at the bulkhoad polnts x = 0
and x =%, On cyllnder No, III,.the curve computed for
incomplete tension fleld runs through tho_gcatter rarge of
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the experimental values; on cylinder No. IV, 1t corre-
sponds to that of. the test points but the stresses are
conputed about 50 percent too high, With the assumption
of complete tension field, the calculation disregards the
variation of Oy with x; the values themselves are sub~

stantlially too high, especially on cylinder To. IV, and by
the Ebner-~Heck method, the divergence ig even greater.

The test data on the bulkhead stresses oy (fig. 18),

are migleading at the polnts of support of the stringers
on cylinder Ho. III, as a result of looal deflection of
the flanges; hence, the averaging must be done with the
values at the points bdetween thoe strinzers. The theoreti-
* oal values for complete and incomplete tenslion fleld are
coincldent again; they are about 25 percent too hlgh on
cylinder Ho, III, and border the scatter gone of the ex-
perimental points on cylinder No. IV, By the Ebner-Heck
method, the error 1s still greater.

Strain.- From the buckling pattern of the gkin
in figures 2 to 4, it may bde seen that the weve length of
the wrinkles incroases with incroaslng width of the pan-
els between stringers. The wave length and posltion of
the wrinkles are not substantially alterod during the
strain, although the wrinkles become deeper and the points
of deflection at the stringors are plainly dlacernibdle.
The "angle of wrinkling" formed by the geme rating lines of
the approximately prismatic wrinkles in the center between
the stringers with the generating lines of the circular
cylinder remains largely constant under 1I1ncreasing twilst,
Fligure 19 presents varlous cross sectlions of the buckling
pattern for cylinders III and IV. The medlan curve of
these sectlons which i1s the base line of the "substitute
surface" mentioned in section III, la, lies on cylinder
No. III, near to the chord, on cylinder No. IV, between the
original circular a»c and the chord. '

The plotting of tkhe obmerved angles of twlst, recom-
puted to original froe length of 220 centimeters (fig. 20),
indicates that oylinder No. II has lowest rigldity with
rospoct to twist, while Ho. IIT has the greatest twleting
rigldity; cylinder ¥o. IV manifested, under first loading,
a pudden rise in angle of twilst on buckling. which was not
observed when the load was repeated.

Pigure 21 shows the computed angle « of the princi~
pal axes' directions against the torque. For incomplete
tension fileld, angle a on buckling of 45° decreases wi th
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vortical tangont, passes through a minimum, and slowly in-
creages agaln, For completo tension fleld, the angle «
Jumps at T = T, to an angle «a, dependent on tho struc-
tural quantities and the buckling stress T1,, &and rises
evenly. In both cases the angles would, at very high val-
ues of T/T, approach one and the same value, affected
only dby Y, Kk, and 8, provided no change in materlal be-
havlior occurred in the meantime. The computed principal
axes' angles do not agree with the measured angles of
wrinkles. In principlo elastic displacements in the dl-
rections inclined under the angle of wrinkling are defi-
nltely feagible, By the Ebner-~Heck me thod, angle «
Jumps from 45° to 0° wvhen T = T,, only to rise again im-
medlately with vertical tangent, and then follow a course
similar to that for complete tension fleld.

In' the solution of tho angles of twiat (fig. 20), on
the assumption of incomplete tension field, tho correct
cholce of R, and 9¢; affords a satlsfactory agreoment
betwoen tho computed curve V¥ (T) and the test points.
The theoretlical valucs arc somewhat too high on cylindsr
No. III, but & more favorable cholce of B, and ¢,
would result in an exceesively high theoretlcal falling
strength. (Of. section IV.) For T = T,+ the calcula-

tion involves & minor jump in angle of twlst, since the
share of € 1n equations (2a) and (4), due to the second
principal stress o©g &and the radlial displacement, is not

allowed for, Asguming & complete tension field, the sud-
den wrinkling Qy at T = T,, results in a great jJump of

angle of twist; the computed values are much too high
throughout the entire range, By the Ebner-Heck method,
1% glvesg Vv = 0 and -gs‘% = o at T = Ty,; 1in the further
coursge the coﬁputed angles of twiat themselves are too.
great, although the error 1s somewhat less than with the
conplete tension-flield method.

d) Reviey of the calculating methodg,+« Under the as-
sumption of incomplete tension field, the caleulation for
cylinders Kos, III and IV can, by proper selection of Ry
and &4, be brought into satisfactory agreement wlth the
experimental results, both as regards buckling stiffness
and ultimate buckling strength (fig. 20, and section IV),
The provisional assumptions, equations (26) and (27), are
therefore practlical to a certaln extent for deflning the
"stretchlng"™ of the sheet panels. With the chosen R,
and 45, +the compressive stresses oy of the stringers
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on cylinder No. III are correct within the experimental
range, but too high for cylinder HNo., IV, The latter 1s
Probably due-to the stronger.than linoar decrease of curve

R(9) against ¢ = 4L = 1, The ring stresseson cylinder

o
IV are obviously computed correctly since-the theoretical
and experlimental values for bending momonts and bdulkhead
stresses are approximately the same, The theoretical val-
uves for bending moment and bulkhead stresses are too hizh
for cylinder Ho, III, A plausible explanatlon for this is
that the second prirncipal stress, sven in the center, bo-
twoeén stringore, 1s somewhat dopendent on the shearing
stress T, But a complete explanation 1s impossldlo un-
t1l the logitimaoy of R(4) and (,(4) has been proved

by experiments,

With the use of the compleﬁe tension fleld, the an-
gles of twist are nmuch too high., This divergence 1s
largely attributadble to the assumption of wrinkling Ly

on buckling. The conpressive stresses in the stringers
are tolerabdly corrcct within tho experimental range for
cylinder Ho., III, since R ~ 1; but the fact that R <« 1
results in markedly excenmslve theorotical values for o,
on cylinder No. IV. As to bulkhead strosses and bendling
monents, the same statomont nade for incomplote tenslon
fleld holdsg true.

With the compressive stresses 1in the stiffeners as &
roesult of the omitted effective skin strip and (on eylin-
der No, 1V, especially) the different kind of allowance
for the skin-buckling strength, the Ebner-Heck method
Ylelds oven greator orrors than the calculation for con-
Pleto tension fleld; and the results are simllar wlth the
Wagner-Ballerstedt method.

The solution of the twisting stiffness is therefore
‘contingent upon acourate experiments on the behavlor of
" the sheet panels 1n the dbuckling stage; for this, account
of the "incomplete tension field" 1s¢ absolutely essentilsl.
On the contrary, caleculation on the basls of complete ten-
slon fleld is practical for ostimating the expected stress—
o8, since it compriges their order of magnitude and always
romains on the safeo side,
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TABLE IV

Comparison of Theoretical and Erperimentsl Falling forqus Values

Experi- Theoretical falling torque and discrepaacies
mental o £ -
Cyl= fa1ling Complete tension fleld; Incomplete tenslon fleld
inder | torque Theoret- |Discrep- Free value | Theoret- | Discrep-
No. ical sncy ical ancy
falling R, dg | failing )
moment moment
Tg kg ecm | kg cm percent kg cm percent
I1 198,500 - - - - - -
III 307,000 309,800 +1.0 0.85 | 43 |318,200 | + 3.8
: : |
IV 231,000 198,200 ,-16.2 | .72 | 60 |250,000 | + &1
i —_—

IV. INVESTIGATION OF THE FAILIIIG TORQUE

1, The Failing Torgque and Its Solution

The failing torque is, according to tadble IV, highest
on cylinder No. III; lowest on cylinder No. II. 1In all
caces the fallure takes place as column effect of the
stringors. On eylinder No. II (figs. 22 and 23), the
stringors are twlasted, as a rosult of which the offectivo
gonont of ilnortie of tho sections continues to drop as
tho load increases. OCylinder No. III (fig. 24), being of
cloged proflle form, does not menifest this phenomenon;
failure takesg place-as the result of denting of the sec—
tion flanges. The webs of the open-hat sectlons of cylin-
der No. IV (fig. 25), twist individually, while the »ack
of the gectlon 1s dented in, The strips of the sheoets riv—
eted to the sectlons are dented on the very pointse of fail-
ure ag & result of the bucklling of tho sections; on the
remaining points thoy romain gsmooth. Thls fact pormits
the applicatlion of tho assunption of offectlive sheet to
the solutlon of the ultimato torque.

It is logical to compute the ultimate torgue on the
basls of buckling-bending tests with shell panels. In
the followlng the bulkheads are assumed to bo strong
onough to effect a buckling of the stringers in one wave
each in overy bulkhead panel.
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The compression in a stringer is Py = Gy F1; the
statlc cross-load on-it between two dbulkheads 1s Q = p .
The ratio A = Pr/Q Detween both Follows from equations
(12b) and (20) as: :

b -
A=-—lR:::::' ;with d = (30)

L
T
o

Shells wlth thin skin and strong stiffeners may be

]
exproaged with A ~ - E;% R cot? @ when approaching fail-

ure. The ratio A therefore depends upon -0; thls funo-
AT6) can be computod if a(d) and R(%) are known.
The axial load on each stiffener is:

P, ==8RTF, T (¢ cot a - 1) (31)

o
In tho buekliag-bending tosts the shell panels, belng
of & length equal to the bulkhead spacing, aro subjected
to a uniformly distriduted cross load. The ends of the
sectlions should be Huilt in. Filgure 26 indlicates the load-
ing and the experinental arrangement. Tho ratlo A = PL/Q
is varied during the toste; the falling loads FPrp 4are
Plotted againet A, figure 27. Givon the relatlon
Pyg(A) and tho function A(#) (fig. 28), a function
Prp(84) 1is obtalnable that gives the axial loads still
supprorted under tho different stress conditions ¢ on the
bagls of the rolated load conditions A. The 1lntersection
of the curves Py(?) and Prp(d) defines the stress con-
dltlon 493, at which the shell should fall as a result of
exhausted carrylng capacity of the lungitudinal sectlons.
The ultimate torque is. Ty = #35 T,. The argument holds
only for the case that the axial load Py remalns below
the Eular duckling load for supported bar ends. .

2. The Buckling-Bending Tegts on Shell Panels

The shell panels consisgted of two longitudinal sec-
tions bordering & riveted skin panel, and resemblod &
shoeet panel of the resvoctlve cylinder. Tho longth of the
panels oqualed the bulkhead spacing of tho cylinder. The
sklin sectlion was not fastened to the clanmping angles and
wes not subjJect to any outside compression. Tho cross load
- (f1g. 26) was distributed as ovenly as possible over tho
longth by means of woodon strips and felt liners.
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The test procodure and the agpoct of the dreak were
the same as for the cylinder test. The soctlons of the
Panels bolonglng to cylinder Ho. III, falled after inden-
tation of the flanges; but thoso of panel 13a (cylinder
IV) failed through ftwistling fallure of the webds. s

The tests indicated (fig. 27) on the panels with
closed sections (of cylinder III), first o rapld, and sudb-
sequontly a slower, increase in the failling load PLB

with tho load ratio = Py/Q. TFor the panels with open
sections (eylinder IV) the ultimate axial load within the
explored rangd (A between 3 and 4) 1s vory. little affoct=-
ed by A. All experiments indicate & wide scatter zonse,
For the solutlon of the twisting stiffness the lower mar-
g£in of thls zone 1is declisive, slnce the fallure is always
initiated by the weakesgt of a large number of ldentlcally
stressed sheet panels.

Loading two individual stiffeners instead of a panel,
the former - 1f of closed sectlon - proved stronger than
the sheet panels in splte of the absence of the skin asec-
tlon, because with the latter the buckling of the section
flenges is initlated by the skin. On the panels of open
soctlons the skin had no effect on the strength.

3., Checking the Calculation agalnst the Test Data

The calculation of the breaking torque included doth
tho complete and the incomplete tenslon fleld., The data
appendod in table IV allows a comparlson with the oxperl-
mental results.

Premlsed on a complete tonsion fileld, the breaking
torque of cylinder No. III was computed exact at 1,5 per=
cent, while on cylinder No. IV, it was computed 16.2 per-
cont too low. From this 1%t follows that with thin skin
and strong stiffenors the assumption of incompleto tension
fleld loads to & sufflciently exact solutioém of the
strength. For somewhat thilcker skln and weaker stlffeners,
the values by thls calculation method are too low, since
tho tension fiold even at failure 1s stlll not completely
stretched.

The calculating method for incomplete tension fleld
contalns the free values R; and 4, which on eylinder

No. IV could be so chosen that the theoretical and experi-
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mental angles of twist would give tho samo results. With
those free wvalues, the breaking torque is computed 8.1
percent t6o high; thlis dlscrepancy 1s of the order of mag-
nitude of the scatter in the dbuckling-~bending tests. On
cylinder No. III, the values R, and 945 were so chosen
that the dlscrepancy remained small for the angle of twlst
as well as for the breaking torque. With a valuwe R, =
0.74, the theoretical and experimental values of the an-
gle of twist are 1dentical, while the theoretlcal breaking
torque 1la about 25 percent too high,

It should be rememdbered that the buckling-~bending .
test with sheet poanels does not completely reproduce the
effect of the wrinkling deflections at the stringers, be-
cause the wrinkles - in contrast to the tronsverse load
applied in panel tests - twlist the section flange and so
inlitlate 1ts buckling.

Translation by J. Vanier,
Natlonal Advisory Committese
for Aeronautics.
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Tigs.1,5,8,7
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Figure 1.- Sketch of a stiffened circular cylinder.
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Figure 4.- Cylinder No. IV after buckling of the skin.
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Figure 12.- Experimental setup for twisting tests.
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Pigs. 15,16
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"igure 22.- Failure of cylinder No.

II in pure twist. oo . .
(1nl1da “") Figure 23.~ Failure of cylinder No. II in pure twist
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